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RELATIONSHIPS BETWEEN 700 mb CIRCULATION
VARIATIONS AND GREAT PLAINS CLIMATE
Daniel J. Leathers
Meteorology/ClimatoIogyhogram
D e r n n t of Geography
University of Nebraska-Lincoln
Lincoln, NE 68558-0135
Abstract. The relationship between monthly midtropospheric circulation
variations, occurring in the North American sector, and surface temperature
and precipitation across the Great Plains is evaluated for the middle month
of each season (January, April, July, and October). The results demonstrate
that monthly Great Plains temperature variability is strongly associated with
the majorpattems of midtropospheric circulation variation during all months
considered Temporally, the strongest associations are observed during
October. However, January, July, and April also exhibit spatially coherent
regions of strong association. Spatially, the relationship tends to be strongest
in the northern Plains, with decreasing association to the south. Precipitationmidtroposphere relationships are weaker than thosefor temperature during all
months. The association between the midtroposphere and precipitation is
relatively strong fiom late fall through late spring. However, the convective
nature of precipitation in the region during the summer months limits any
strong relationships in July. In a spatial sense, no preferred regions of
precipitation explanation were indicated in the analysis.

Monthly midtropospheric circulation variations are important in the
specification of regional surface climates in many areas of the world (Lamb
and Peppler 1987; Leathers et al. 1991). The recognition that preferred
patterns of pressure variation exist in the atmosphere has led researchers
to attempt to link temperature and precipitation changes at the earth's
surface with these recurrent midtropospheric circulation variations. These
monthly circulation variations and associations are described in a number
of ways, the most popular of which is in the context of atmospheric
teleconnections, the statistical association between climatic variables that
are separated by large distances. Midtropospheric teleconnections thus
represent atmospheric pressure patterns that tend to recur in data that are
averaged over a specified period of time (days to seasons) and are
associated with surface climate variations.
The study of the relationship between flow patterns in the middle
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troposphere and surface climate is not new. This work, begun several
decades ago (e.g., Klein 1948, 1%3; Stidd 1954; Friedman 1955), has
continued to the present (e.g., Lanzante and Harnack 1982; Harnack and
Lanzante 1985; Klein and Bloom 1987). The theory of global atmospheric
teleconnections that was advanced by Wallace and Gutzler (1981) has led
to a renewed interest in this field of climatological research. Whereas
previous studies looked for the existence of statistical relationships
between midatmospheric pressures and surface climate, without consideration of the controlling atmospheric dynamics, the use of atmospheric
teleconnections allows the researcher to posit relationships in a physically
coherent global perspective, because the teleconnection patterns can be
explained in the framework of atmospheric physics. The existence of the
major midtropospheric teleconnections is primarily a consequence of the
geographical distribution of land and water and of orographic forcing by
the earth's north-south mountain chains (Chen and Trenberth 1988a,
1988b). Because they are a result of invariant geographic forcing, the
recurrent circulation anomalies are temporally and spatially robust, making
them potentially important components in the study of past, present, and
future climates.
This study seeks to understand the relationship between monthly
temperature and precipitation in the Great Plains region of the United
States and 700 mb (millibar) teleconnection patterns in the North
American sector (Fig. 1). This relationship will be specified through
multiple regression analysis, regressing temperature and precipitation
values from the months of January, April, July, and October against time
series representing the strength and configuration of the major midtropospheric teleconnections for these same months. These four months were
chosen for the analysis because they represent the midpoint of the four
meteorological seasons. This study may also prove beneficial in the
interpretation of climate modelling results. Recent evidence has shown that
some general circulation models (GCMs), which are used for climate
projections, poorly represent midtropospheric circulation variations. If the
observed surface climate of an area is closely linked to midtropospheric
teleconnections, and the models do not represent these patterns correctly,
then projections by these models for such areas must be viewed with
skepticism.
Data and Methodology
Data
The mean monthly midtropospheric pressure data used in the
identification of the main modes of circulation variation over North
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Figure 1. The domain of the study area showing the 55,700 mb grid points (marked
with asterisks) and the outline of the Great Plains study area.

America are from the 700 mb level (approximately 3000 m) and are
collected for the time period 1963 through 1982, giving 20 years of reliable
upper-air data. The data are from a 55-point grid that covers North
America and the surrounding waters (the North American sector; Fig. 1).
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The majority of these data are from the National Meteorological Center
(NMC) octagonal grids (Jenne 1975); some points were manually extracted
and averaged from mean monthly 700 mb charts (Yarnal and Leathers
1988).
Mean monthly temperature and precipitation data for the 68 climatic
divisions that comprise the section of the Great Plains under study are
from the United States Divisional Climatic Data Set (National Oceanic
and Atmospheric Administration 1983a, 1983b). These data have been
corrected for several possible biases and are a reliable data set for use in
climatological studies (Karl et al. 1986).
Methodology

In an effort to isolate the main modes of midtropospheric circulation
variation across the North American sector, the 700 mb pressure data were
subjected to principal components analysis (PCA) using the SPSSX Factor
procedure (SPSS 1986). The data are stratified by month. The PCA
procedure extracted the main modes of 700 mb pressure variation occuring
in the 55 by 20 data matrix for each month. These principal components
(PCs) of the data matrix, represent the major midtropospheric circulation
variations (teleconnections) present in the study area. In this way, the PCA
isolated the main configuration of 700 mb pressure variation over North
America for each month under consideration. The procedure then
calculated a numerical value for each grid point termed a loading,
representing the association of that grid point with an individual PC. The
loadings were scaled so that 0 indicated no association and +I- 1.0
indicated perfect association. These loadings for each PC were mapped to
show the main spatial patterns of variation present across the North
American sector. These spatial patterns were completely uncorrelated
(orthogonal) to one another, and were ordered by the proportion of
variation explained by the individual PCs.
In addition to the spatial representation of the main modes of 700 mb
variation by the loading patterns, a "score" represented the strength and
configuration of each PC for a given month. These scores represented a
time series (score time series) over the 20-year period of study which was
regressed against the time series of temperature and precipitation for each
of the 68 climate divisions in the Great Plains. The decision to retain the
first four components for use in the multiple regression analysis with
temperature and precipitation was made subjectively by inspection of the
scree plot of explained variance, (Barnston and Livezey 1987). In all four
months these first four PCs accounted for more than 60% of the total
variation of the monthly 700 mb pressure matrix (Table 1). The multiple
regression procedure yielded a value for the amount of temperature and
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TABLE I*
MONTH

PC1

PC2

PC3

PC4

TmAL

JANUARY
APRIL
JULY

30.6
23.2
24.1
18.8

17.3
18.0
16.5
16.5

13.1
12.9
10.8
13.6

9.7
10.5
8.6
12.7

70.7
64.6
60.0
61.6

OCTOBER

*Percentage of 700 mb matrix variation explained by the four largest monthly 700
mb PCs for January, April, July and October.

precipitation variation (R2 value) explained by any or all of the four major
monthly teleconnections isolated by the PCA. These values were mapped
for each month to produce patterns showing the association between the
main modes of midtropospheric variation and monthly temperature and
precipitation across the Great Plains.
The physical viability of these R2 patterns will be discussed by
consideration of the teleconnection patterns that significantly contribute
to the explained variance during that month. This analysis assumes that the
configuration of pressure anomalies, associated with the teleconnection
patterns, can be used to deduce the anomaly wind fields by simple
geostrophic wind assumptions. The geostrophic wind assumes a balance
between the pressure gradient force (PGF) that arises due to atmospheric
pressure differences, and the Coriolis force that is due to the earth's
rotation. The PGF initiates atmospheric flow from areas of higher to lower
pressure, while the Coriolis force turns the moving air to the right of its
initial direction of motion in the Northern Hemisphere. Thus, the
direction and magnitude of the anomaly flow can be deduced from a
simple inspection of the anomaly pressure field. It is important to note
that interpretation of the PCs simply infer the anomaly flow patterns. For
example, anomalous northeasterly flow may only imply that the dominant
700 mb westerlies are weakened, not that the resultant flow is actually
from the northeast. However, this information can be very important in the
interpretation of the temperature and precipitation R2 patterns.
The use of PCA to isolate the major teleconnections across an area
is not new. Many previous studies have investigated the main modes of
midtropospheric variation over North America (Kalnicky 1974) and the
entire Northern Hemisphere in a variety of contexts (Horel 1981; Wallace
and Gutzler 1981; Esbensen 19W, Hsu and Wallace 1985; Lebow and
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Toldalagi 1985; Barnston and Livezey 1987). However, none of these
studies have attempted to link these major modes of circulation variation
to the earth's surface climate using the methodology presented above.
Results
January

January temperature variation across the Great Plains is strongly
associated with the major 700 mb teleconnections over North America
(Fig. 2a). Between 45% and 65% of the monthly temperature variation
across the study area can be explained by consideration of the first two
principal modes of 700 mb variation. PC1 is characterized by a strong
center of action off the southeastern coast of the United States and
another center of opposite sign over northern Canada. When 700 mb
heights are anomalously high over the Southeast, they are simultaneously
anomalously low over northern Canada, and vice versa. Lower than normal
heights over northern Canada and higher than normal heights over the
southeast produce an anomalous southwesterly flow, which would advect
warm air into the study area more frequently than normal, resulting in
anomalously high temperatures. In the opposite situation, (high heights
over Canada and low heights over the Southeast) anomalous northeasterly
flow would cover the Plains, causing monthly temperatures to be below
normal.
PC2 has a single center of action located over the High Plains and
Rocky Mountains. When heights are lower than normal in this area,
anomalous southerly flow would cover the Plains causing warmer than
normal conditions. When heights are above normal over the Rockies,
anomalous northerly flow would cause a cool month across the Plains.
Precipitation variation in January is less well explained than is
temperature (Fig. 2b). Values range from greater than 50% over western
North Dakota to less than 20% over portions of Nebraska and Kansas.
Only one of the four January teleconnections contributes significant
explanation to the precipitation pattern. The circulation configuration of
PC4 is characterized by a relatively strong center of action over the
southwest United States and Mexico and a much weaker center of opposite
sign over the northeast United States. During months when heights are
high over the Southwest and low over the Northeast, anomalous dry,
northerly flow would keep precipitation values low over the Plains. During
years of below normal height over the Southwest, moist, southeasterly flow
from the Gulf of Mexico would cause higher amounts of precipitation to
fall across the study area.
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JANUARY R 2 TEMPERATURE

JANUARY PC1 (31%)

JANUARY PC2 (17%)

Figure 2a. Maps displaying temperature explained variance and loading maps of
significantly related 700 mb PCs for January.
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JANUARY R 2 PRECIPITATION

JANUARY P C 4 (1 Ow)

Figure 2b. Maps displaying precipitation explained variance and loading maps of
significantly related 700 mb PCs for January.

April

In April, the explained variance for temperature decreases, while
precipitation explanation actually increases, compared to January (Fig. 3).
During April the explained variances for temperature are largest in the
Dakotas, and decrease fairly rapidly to the southeast. April PC1 and PC2
are both important in the explained variance patterns of temperature. The
loadings for PC1 (Fig. 3a) indicate a strongdipole pattern of 700 mb
variation, with a center of action over the southern United States and a
center of opposite sign over northeastern Canada. When 700 mb heights
are above normal over the South and below normal over northeastern
Canada a strengthened 700 mb westerly flow would be initiated over the
Plains. Such a flow would decrease the frequency of cold air outbreaks to
the south and favor higher than normal temperatures across the area.
During opposite extremes, the westerly 700 mb flow would be weakened,
allowing more frequent outbreaks of cold, polar air to the south, decreasing temperatures in the area. PC2 is characterized by a strong center of
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APRIL R 2 TEMPERATURE

APRIL PC1 (23%)

APRIL PC2 (18%)

Figure 3a. Maps displaying a) temperature explained variance and loading maps of
significantly related 700 mb PCs for April.
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APRIL R 2 PRECIPITATION

APRIL PC2 (18%)

APRIL PC4 (II %)

Figure 3b. Maps displaying precipitation explained variance and loading maps of
significantly related 700 mb PCs for April.
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action over the western one-third of the United States. During times of
anomalously high heights in this region, anomalous northerly flow would
occur over the Plains, decreasing monthly temperatures. In the opposite
sense, stronger than normal southerly flow would cover the area during
times of below normal heights across the western third of the country,
increasing temperatures across the central United States.
The pattern of explanation of precipitation variation (Fig. 3b) includes
areas in the north generally exhibiting values above 50%and in some cases
60%, and relatively high values in the southeastern portion of the study
area. PCs 2 and 4 both contribute significantly to the precipitation
explanation. As discussed above, PC2 would contribute to enhanced
northerly or southerly flow across the central United States, bringing either
cold, dry polar air or warm, moist subtropical air into the region, affecting
precipitation amounts. Variations of PC4 would also produce anomalous
northerly or southerly flow, having similar effects on the precipitation as
PC2.
July
Temperature explanation in July ranges from greater than 65% over
parts of Iowa, Minnesota, and South Dakota (and more than 75% over
northern North Dakota) to less than 55% over Oklahoma and Kansas
(Fig. 4). Teleconnections 1and 3 contribute to this pattern of explanation.
One center of action of PC1 is located over the Hudson Bay area of northcentral Canada, while a center of similar magnitude but opposite sign is
located over the southeast United States. Below normal heights in the area
of Hudson Bay in conjunction with above normal heights over the
Southeast would lead to an enhancement of westerly flow across the
northern Plains. A stronger than normal 700 mb jetstream in this area,
during this time of year, would likely lead to enhanced cloudiness
associated with more numerous frontal passages, and a diminution of
monthly temperatures. With the height configuration in the opposite sense,
weakened westerly flow would likely lead to a decrease in the number and
intensity of cyclones moving through southern Canada, and would cause
a corresponding increase in temperature across the Plains because of the
smaller number of frontal passages and the associated decrease in
cloudiness. PC3 has three centers of action oriented east to west across the
United States. These three centers likely indicate the preferred positioning
of anomalous ridge and trough patterns that occur during this month.
Strongly negative height anomalies covering the Plains (an anomalous
trough) and the attendant anomalous northerly flow would lead to below
normal temperatures, while positive height anomalies (an anomalous ridge)
would lead to enhanced southerly flow and high Great Plains temperatures.
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JULY PC1
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Figure 4. Maps displaying temperature explained variance and loading map of
significantly related 700 mb PCs for July.
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OCTOBER R 2 TEMPERATURE

OCTOBER PC1 (19%)

OCTOBER P C 2 (17%)

Figure 5a. Maps displaying temperature explained variance and loading maps of
significantly related 700 mb PCs for October.
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OCTOBER R 2 PRECIPITATION

OCTOBER PC1 (19%)

Figure 5b. Maps displaying precipitation explained variance and loading maps of
significantly related 700 mb PCs for October.

Precipitation explanation is very poor during this month (not shown).
The pattern is very weak (values less than 20%) and spatially inhomogeneous. This result is physically reasonable given the convective nature of
most precipitation across the Great Plains during July. Air mass thunderstorms that have little association with large-scale midtropospheric patterns
dominate the precipitation signal during this month (Throp and Scott
1982). Thus, no strong, spatially homogeneous relationship between the
midtroposphere and surface precipitation is indicated in July.
October

During October temperature explanation values reach a maximum.
Values are as high as 85% across northern North Dakota and Minnesota,
and decrease consistently to the south with areas in Oklahoma showing
values of less than 55% (Fig. 5a). Precipitation explanation is also large in
a northlsouth dipole pattern with values of 60% in northeastern Minnesota
and eastern Oklahoma and lesservalues in between and to the west (Fig. 5b).
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Two October teleconnections are important to temperature explanation. PC1 is an easthest dipole of opposite sign with one center of action
over the western United States and the other over the eastern portions of
the country. Lower than normal heights in the west and higher than
normal heights across the east would lead to enhanced southerly flow and
increased temperatures across the Plains. In the opposite extreme, the 700
mb pattern would produce enhanced northerly flow and cool October
temperatures across the central United States. PC2 is characterized by a
large center of action covering the eastern two-thirds of the United States.
With unusually high heights over the eastern portion of North America
southerly flow would be directed into the Plains, while northerly flow
would be the result of lower than normal heights over this area, causing
warmer or cooler than normal conditions respectively. Only PC1 is
important in the pattern of precipitation explained variance for this month.
As discussed above, this teleconnection would be very important in the
nortNsouth component of the flow entering the Great Plains region, and
hence on the moisture characteristics of a particular October.
Conclusions

The analyses presented above indicated that monthly Great Plains
surface climate is strongly associated with the main modes of 700 mb
circulation variation present over the North American sector. Temperature
shows a stronger relationship to the midtroposphere than precipitation
during all months. The relationship between temperature and the 700 mb
teleoonnections is strong during January, with 45% to 65% of the monthly
variation explained by the midtropospheric teleconnections. In April, the
amount of explanation decreases, with values ranging from 20% in the
southeast portion of the Plains to greater than 55% over the northwest.
Temperature explanation is strong again in July, with values ranging from
75% across the northwest to 55% in the southern part of the region. The
trend toward increasing explanation continues into October with greater
than 85% of the temperature variation being explained across the northern
tier of the Plains region. This percentage decreases to less than 55% across
southeastern Oklahoma.
Thus, the relationship between midtropospheric teleconnections and
monthly temperatures across the Great Plains is strongest from the
summer months through winter and then weakens during the spring. One
possible explanation for the weakened relationship during April may be in
the surface conditions across the Great Plains during that time of year.
Spring months can vary greatly in soil moisture characteristics from year
to year, causing large temperature variations, even with similar midtropo-
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spheric patterns, due to the partitioning of the energy balance between
latent and sensible heating.
The data also indicate that the northern Plains have a stronger
association with the midtropospheric teleconnections than the southern
portion of the study area. This pattern is physically reasonable given the
positioning of the polar front jet across the region, and the fact that the
teleconnections modify both the strength and position of this jet. Over the
northern Plains, fluctuations in the positioning of the jet can carry it either
north or south of this region during all times of the year. As the jet
fluctuates north and south with the vagaries of the teleconnections, large
temperature variations can take place, making the relationship between the
temperatures and the teleconnections strong. For the southern Plains, the
jet is located to the north during the majority of the annual cycle. Thus,
even with fluctuations of the teleconnections the jet is still located
primarily to the north of the region, and temperature fluctuations are not
as great as across the northern Plains. Hence, the relationship between the
teleconnections and surface temperatures is weaker in this area.
Precipitation explanation by the midtropospheric teleconnections is
weaker than temperature explanation. The relationship between the
teleconnections and precipitation is strong during January with values of
greater than 30% in the northern and eastern portions of the study area,
with greater than 50% in northwest North Dakota. Precipitation explanation is stronger in April than in any of the other months included in the
study. Values range from greater than 60% in northern Minnesota to lows
of 20% in the central Plains. Precipitation values during this season are
very dependent on the strength and frequency of frontal passages, and the
amount of moisture available to them. Thus, fluctuations in the strength
and position of the jet, associated with the teleconnections, can cause large
differences in precipitation values from year to year, increasing the
strength of the midtropospheric-precipitation relationship. Precipitation
explanation during July is very small (less than 20%), likely a result of the
convective nature of precipitation from the late spring through the early
autumn (Throp and Scott 1982),which is not strongly related to midtropospheric flow regimes. Precipitation explanation increases again in October,
with the northeast and southeast portions of the Plains evidencing greater
than 30% explanation. Unlike temperature, however, there seems to be no
areas where the precipitation-teleconnections relationship is consistently
strong or weak over the annual cycle.
Although the 700 mb teleconnections explain a large portion of the
surface climate variation, the unexplained variance is likely related to
smaller-scale weather systems that vary within the larger-scale 700 mb
features represented by the teleconnections. In addition, surface conditions
such as snow cover, soil moisture, land use, and other similar variables may
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